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abstract: Previous work has provided evidence for involvement of store-operated channels (SOCs) in [Ca2+]i signalling of human sperm,
including a contribution to the transient [Ca2+]i elevation that occurs upon activation of CatSper, a sperm-speciﬁc cation channel localized to the
ﬂagellum, by progesterone. To further investigate the potential involvement of SOCs in the generation of [Ca2+]i signals in human sperm,wehave
used cell-penetrating peptides containing the important basic sequenceKIKKK, part of the STIM–Orai activating region/CRACactivationdomainQ1
(SOAR/CAD) of the regulatory protein stromal interaction molecule 1. SOAR/CAD plays a key role in controlling the opening of SOCs, which
occurs upon mobilization of stored Ca2+. Resting [Ca2+]i temporarily decreased upon application of KIKKK peptide (3–4 min), but scrambled
KIKKK peptide had a similar effect, indicating that this action was not sequence-speciﬁc. However, in cells pretreated with KIKKK, the transient
[Ca2+]i elevation induced by stimulationwith progesterone decayed signiﬁcantly more slowly than in parallel controls and in cells pretreated with
scrambledKIKKKpeptide. Examination of single-cell responses showed that this effectwas due, at least in part, to an increase in the proportion of
cells inwhich the initial transientwasmaintained foranextendedperiod, lastingup to10 min in a subpopulationof cells.Wehypothesize that SOCs
contribute to the progesterone-induced [Ca2+]i transient, and that interference with the regulatory mechanisms of SOC delays their closure,
causing a prolongation of the [Ca2+]i transient.
Key words: spermatozoa / cell-penetrating peptide / stromal interaction molecule 1 / store-operated channels
Introduction
[Ca2+]i plays acentral role in the control of sperm function.Maturationof
the ejaculated sperm to acquire competence to fertilize (capacitation),
the regulation of motility pattern (behaviour and chemotaxis) and
control of the secretion of the acrosomal vesicle (acrosome reaction),
which releaseshydrolytic enzymesandexposesproteins required for fer-
tilization at the sperm surface, are all controlled separately through
[Ca2+]i signals. Ca
2+ channels and Ca2+ stores are present in mamma-
lian sperm (Publicover et al., 2007; Costello et al., 2009; Darszon et al.,
2011) and both play important roles in sperm function. CatSper, a
sperm-speciﬁc cation channel localized to the ﬂagellum, is the primary
Ca2+-inﬂux channel in mammalian sperm, is central to the regulation
of [Ca2+]i and experiments in CatSper-null mice have shown that the
channels play a key role in both regulation of motility and the early
phase of zona pellucida-induced acrosome [Ca2+]i signalling (Carlson
et al., 2003;Xia andRen, 2009). Intriguingly, ‘late’ [Ca2+]i responses per-
sisted in the mutant mice and the zona pellucida-induced acrosome re-
action was not inhibited (Xia and Ren, 2009). Ca2+ stores are present
both within the acrosome and at the sperm neck region (Costello
et al., 2009). ReleaseofCa2+ stored in the acrosome is required for com-
pletion of the acrosome reaction, and theCa2+ stored at the spermneck
plays a key role in regulation of motility (Costello et al., 2009; Alasmari
et al., 2013).
The characteristics of [Ca2+]i signals generated by store mobilization
in human sperm are consistent with the occurrence of capacitative
Ca2+ entry (CCE) mediated by store-operated Ca2+ channels (SOCs Q2)
(Blackmore, 1993; Park et al., 2011; Leﬁevre et al., 2012). SOCs are acti-
vated by interaction with stromal interaction molecule (STIM), a sensor
molecule present in the membrane of the Ca2+ store that detects
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depletion of stored Ca2+. Upon store mobilization, STIM redistributes,
moving to a position adjacent to the plasma membrane and forming
‘puncta’, where it interacts with the channel proteins (Orai and possibly
members of the transient receptor potential canonical [TRPC] family),
causing SOCs to open (Cahalan, 2009). STIM1, Orai proteins and
TRPC proteins have all been detected in human sperm (Castellano
et al., 2003;Darszon et al., 2012; Leﬁevre et al., 2012). STIM1 is localized
primarily to the neck region/midpiece and the acrosome, the areas
where Ca2+ stores are present (Leﬁevre et al., 2012).
Progesterone, a product of the cumulus cells which surround the
oocyte, is the best characterized agonist of Ca2+ signalling in human
sperm. Progesterone directly activates CatSper channels, causing an im-
mediate and transientCa2+elevationwhichpeakswithin 30 s anddecays
within 1–2 min (Blackmore et al., 1990; Lishko et al., 2011; Strunker
et al., 2011). This is followed by a prolonged [Ca2+]i plateau. In a subpo-
pulation of cells, this plateau phase includes repeated [Ca2+]i elevations
(oscillations; Harper et al., 2004; Kirkman-Brown et al., 2004; Aitken and
McLaughlin, 2007; Sanchez-Cardenas et al., 2014), which are typically
irregular/chaotic but are ‘organized’ by ryanodine and by caffeine, con-
sistent with Ca2+-induced Ca2+ release (CICR) from the store at the
sperm neck (Harper et al., 2004). These oscillations modify ﬂagellar
beat (Harper et al., 2004) and may suppress the acrosome reaction
(Sanchez-Cardenas et al., 2014).We recently showed that a lowconcen-
tration of 2-aminoethoxydiphenyl borate (2-APB; 5 mM),which potenti-
ates SOC activity by promoting interaction with STIM, enhanced the
progesterone transient at the spermneck (but not the ﬂagellum; Leﬁevre
et al., 2012). The [Ca2+]i plateau phasewas not enhanced by 2-APB pre-
treatment, but applicationof 2-APBduring theplateau causedgeneration
of irregular [Ca2+]i noise and spikes. Patch-clamp experiments showed
that 2-APB inhibited currents throughCatSper channels. These observa-
tions suggest that store emptying by CICR and consequent activation of
SOCs amplify the initial CatSper-mediated [Ca2+]i transient and gener-
ate [Ca2+]i oscillations.
Use of cell-penetrating peptides (CPPs) to trafﬁc targeted peptides
and small proteins across the plasmamembrane offers an alternative po-
tentially more speciﬁc technique than pharmacological intervention.
Rab3A and GST, both 25 kDa, are delivered into sperm when fused
to a polyarginine CPP (RRRQRRKRRRQ) at the C terminus (Lopez
et al., 2007) and the translocation of exogenous Rab3A is sufﬁcient to
trigger acrosomal exocytosis. We recently investigated the ability of a
number of ﬂuorescently labelled CPPs to translocate into sperm, identi-
fying effectiveCPPs (Jones et al., 2013).Wehavenowexploited this tech-
nique to further investigate functional expression of SOCs in human
sperm and their potential participation in the [Ca2+]i response to pro-
gesterone by using CPPs to target functioning of SOCs in sperm.
Though there are competing models for regulation of SOC activity, the
importance of a region within the STIM molecule termed CAD
(CRAC-activating domain) or SOAR (STIM–Orai activating region) is
clear (Yuan et al., 2009). Whereas the full cytoplasmic segment of
STIM1 is a poor activator of Orai1, the CAD/SOAR domain is more ef-
fective (Korzeniowski et al., 2010). This suggests that in the full length
form, intramolecular interactions maintain STIM inactive until store de-
pletion occurs. Unfolding of STIM then allows interaction with Orai.
SOAR includes an internal basic patch which may interact with an
acidic region on Orai to stabilize such folding (Korzeniowski et al.,
2010; Kim and Muallem, 2011; Soboloff et al., 2011). To further investi-
gate the potential involvement of SOCs in the generation of [Ca2+]i
signals in human sperm, we have used a CPP (KIKKK) that mimics the
basic patch on the SOAR region of STIM. KIKKK may act directly to
stimulate CCE by binding Orai or may interact with the acidic patch on
STIM, thus interfering with the refolding that would normally render
STIM quiescent upon store reﬁlling.
Methods
Preparation and capacitation of spermatozoa
Healthy donors were recruited in accordance with the Human Fertilisation
and Embryology Authority Code of Practice (Version 8) and gave informed
consent. Protocolswere approvedby theUniversity EthicalCommittee (Uni-
versity of Birmingham Life and Health Sciences ERC 07-009). Semen col-
lected by masturbation after 2–3 days of sexual abstinence was allowed to
liquefy for ≈30 min (378C, 6% CO2). Cells were harvested by direct
swim-up into supplemented Earle’s balanced salt solution (sEBSS), as
described previously (Harper et al., 2003) and adjusted to 6 × 106 cells/
ml. Aliquots of 200 ml were left to capacitate (378C, 6% CO2) for 4–5 h.
Salines
sEBSS contained (mM) 118.4 NaCl, 5.4 KCl, 0.81 MgSO4.7H2O, 25.0
NaHCO3, 1.02 NaH2PO4, 5.5 C6H12O6, 2.5 C3H3NaO3, 19.0 CH3-
CH(OH)COONa, 1.8 CaCl2.2H2O and 15 HEPES (pH 7.35, 285–
295 mOsm), supplemented with 0.3% (w/v) fatty acid-free bovine serum
albumin (BSA).
Initial experiments with complete sEBSS showed no effect of the peptides
used here, but when peptides were applied in BSA-free medium, clear
effects of peptide treatment occurred. We therefore completed prepara-
tion of spermatozoa and transfer to the recording chamber in complete
medium, but the cells were then superfused with BSA-free EBSS for 5 min
before recording commenced. No peptide controls were run under similar
conditions.
Microwave-enhanced synthesis of
proteomimetic bioportides
A polycationic sequence derived from human STIM (STIM371-392; KQLLVA
KEGAEKIKKKRNTLFG) [KIKKK] and a scrambled homologue (LKNKFKGV
KLAEIEKQALKGTR) [scrambled KIKKK] were synthesized using microwave-
assisted solid-phase peptide synthesis. Syntheses (0.1 mmol scale) were
performed using a Discover SPS Microwave Peptide Synthesizer (CEM
Microwave Technology Ltd, Buckingham, UK) with ﬁbre optic temperature
control employing an N-a-Fmoc protection strategy with O-(1H-6-
Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexaﬂuorophosphate
(HCTU) activation onRink amidemethylbenzhydryl amine resins Q3pre-loaded
with the ﬁrst amino acid (AA; AnaSpec, Inc., Cambridge Bioscience Ltd,
Cambridge, UK). Deprotection with 7 ml of 20% piperidine was performed
for 3 min at 50 W/758C. A majority of AA coupling reactions were accom-
plished with a 4-fold molar excess of Fmoc-protected AA with HCTU and
diisopropylethylamine (DIPEA), molar ratio of 1 : 1 : 2 (AA/HCTU/DIPEA),
in 4 ml for 10 min at 25 W/758C. Arg coupling was performed in two
stages: 30 min 0 W/258C followed by 5 min at 17 W/758C. N-terminal
acylation with 6-carboxy-tetramethylrhodamine (TAMRA; Novabiochem,
Beeston, UK) yielded ﬂuorescent peptides to conﬁrm efﬁcient uptake efﬁ-
cacy (Jones et al., 2013).
Crude peptides were puriﬁed to apparent homogeneity using reversed
phase semi-preparative scale high-performance liquid chromatography Q4.
The predictedmasses of all peptides used (averageM+H+) were conﬁrmed
to an accuracy of +1 by matrix-assisted laser desorption ionization
time-of-ﬂight mass spectrometry Q5(Jones et al., 2008). The ability of KIKKK
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and scrambled KIKKK to penetrate spermwas initially tested using TAMRA-
labelled versions of the peptides. KIKKK accumulation appeared to exceed
that of the scrambled peptide (Supplementary Fig. S1), probably reﬂecting
speciﬁc binding of KIKKK after membrane translocation.
Single-cell imaging of [Ca2+]i
LoadingQ6 of cells with Oregon Green BAPTA 1 (Invitrogen) and time-lapse
ﬂuorescence imaging was done as described previously (Nash et al., 2010).
All experiments were performed at 25+ 0.58C in a continuous ﬂow of
medium (sEBSS). Images were captured at 0.1 Hz using a×40 oil immersion
objectiveandaQImagingRolera-XRcooledCCDcameraorAndor Ixon897
EMCCD camera controlled by iQ software (Andor Technology, Belfast, UK;
Nash et al., 2010).
KIKKK and scrambled KIKKK were applied by addition to the perfusion
header at 5 mM, a concentration that provides optimal loading ofmammalian
spermatozoawith CPPwithinminutes without compromisingmembrane in-
tegrity/cell viability and distinguishes clearly between peptides with high and
low translocation efﬁciency (Jones et al., 2013).
Data analysis
Analysis of images, background correction and normalization of data were
performed using IQ (Andor; Northern Ireland) and Excel (Microsoft) as
described previously. Unless stated otherwise, the region of interest was
drawn around the posterior head and neck (PHN) region of each cell. Raw
intensity values were imported into Microsoft Excel and normalized using
the following equation:
DF = (F − Frest)
Frest
[ ]
× 100%,
whereDF is % change in intensity at time t, F is ﬂuorescence intensity at time t
and Frest is themeanof≥10determinationsof Fduring the controlperiod. For
comparing responses between experiments, we calculated and plotted Rtot,
the mean DF of all cells (n ¼ 25–75) in the experiment.
Amplitude of the progesterone-induced [Ca2+]i transient was calculated
from the three points spanning the peak of the DFmean trace. Amplitude at
3 min after progesterone application was calculated using six consecutive
points spanning 2.5–3.5 min after application of progesterone.
To calculate the proportion of cells giving a signiﬁcant response to stimu-
lation, we used the mean and 95% conﬁdence intervals of the 10 data points
immediately preceding stimulation and the three points spanning the peak of
change inﬂuorescence in theRtot trace.The response is considered signiﬁcant
if thedifferencebetweencontrol and responsepeak is greater than the sumof
the two conﬁdence intervals. Where one sample is much less variable than
the other (which is the case when the control [Ca2+]i signal is both stable
and ‘quiet’), then alpha approaches 0.05. If both samples show variability
(as when the control [Ca2+]i signal is ‘noisy’ or if the ﬂuorescence intensity
is drifting), the test becomes more stringent, the alpha level falling to
≈0.008 when the SEM of the two samples is equal.
Values given in the results and in ﬁgures are shown as+SEM. For testing
signiﬁcance, a value of P, 0.05 was considered signiﬁcant. Calculation of
conﬁdence intervals, SEM and testing of statistical signiﬁcance was carried
out using Excel (Microsoft).
Progesterone and all materials for salines were from Sigma, Poole, UK,
except BSA which was from Stratech Scientiﬁc, Newmarket, UK.
Results
We have shown previously that CPPs enter mammalian spermatozoa
rapidly, with a half-time between 1 and 3 min, dependent on the CPP
employed (Jones et al., 2013). Therefore, rather than comparing
separate groups of treated and non-treated cells, the effects of CPPs
on resting [Ca2+]i was monitored during application. Exposure of
human sperm to 5 mM KIKKK induced a transient decrease in [Ca2+]i
that was detectable within ,30 s, was maximal at ≈90 s (mean de-
crease in Rtot of 6.6+3.2%; n ¼ 8 experiments; P, 0.05 compared
with pre-stimulation) and recovered to control level within 3–4 min
(Fig. 1). Application of scrambled KIKKK induced a similar effect (P,
0.025 versus pre-stimulation; Fig. 1). The amplitude of this effect
varied between cells (Fig. 1c), but both KIKKK and scrambled KIKKK
induced a signiﬁcant decrease in ﬂuorescence (see Methods) in ≈65%
of cells. Twenty percent of cells (19.2+2.7%; n ¼ 18 experiments)
were spontaneously active, generating [Ca2+]i oscillations under
control conditions. In 40% of these cells, application of CPPs brieﬂy
arrested and reset this activity (KIKKK ¼ 42.8+7.8%, n ¼ 9 experi-
ments; scrambled KIKKK ¼ 39.8+ 9.0%, n ¼ 9 experiments; t .
0.8), but oscillation amplitude and kinetics were maintained, indicating
that basal Ca2+ inﬂux andCa2+ clearancemechanismswere not affected
by KIKKK or scrambled KIKKK peptide treatment (Fig. 1d).
We then investigatedwhetherKKKKcould affectCa2+ signals induced
by the CatSper agonist progesterone. Experiments were carried out as
‘parallel’ sets, including a control to assess the effect of progesterone
with no pretreatment and experiments using pretreatment with KIKKK
and with scrambled KIKKK peptide. Stimulation of human sperm with
3 mM progesterone induces a biphasic [Ca2+]i response, comprising
an early [Ca2+]i transient which decays within 2 min, followed by a
slowly developing sustained component (Blackmore et al., 1990;
Kirkman-Brown et al., 2000). This biphasic response was clearly visible
in Rtot plots (mean normalized responses of all cells in an experiment)
of control experiments (Fig. 2a). Exposure to 5 mM KIKKK CPP prior
to stimulationwith3 mMprogesteronedidnot affect themeanamplitude
or rise time of the [Ca2+]i transient in Rtot traces (P. 0.75 compared
with parallel controls and cells pretreated with scrambled peptide;
Fig. 2a). However, in KIKKK-pretreated cells, the decay of the transient
was clearly slower than in control experiments (untreated and pre-
treated with scrambled peptide). During the steepest part of the falling
phase of the [Ca2+]i transient (from 1.5 to 2 min after progesterone
application), the rate of decay was signiﬁcantly reduced in KIKKK-
pretreatmentexperiments comparedwithparallel controls (nopretreat-
ment and scrambled peptide pretreatment; Fig. 2c), such that in 8 of 9
experiments the amplitudeof the early sustained response (Rtot assessed
2.5–3.3 min after application of progesterone) was signiﬁcantly greater
in cells pretreated with KIKKK (Fig. 2b; P, 0.03; paired t-test). This dif-
ference between control and pretreated cells persisted into the plateau
phase of the [Ca2+]i signal in some sets of experiments, but this was in-
consistent and at 7.5 min after progesterone addition the three condi-
tions did not differ statistically (P . 0.2).
Though [Ca2+]i responses to progesterone occur in ≈98% of human
sperm (Kirkman-Brown et al., 2000;Harper et al., 2003), the response of
the cells, as assessed by the amplitude and ‘shape’ of the [Ca2+]i signal,
can vary greatly within a sample (Harper et al., 2003; Kirkman-Brown
et al., 2003). Pretreatment with 5 mM KIKKK slightly reduced the
proportionof cells that generated a signiﬁcant [Ca2+]i response toproges-
terone compared with controls (mean control¼ 98.5+1.0%; KIKK¼
95.9+1.3%; n ¼ 9, P, 0.05, paired t-test on arcsine transformed
data), a similar effect occurring with scrambled KIKK (96.1+1.3%; n ¼
9; P. 0.7 compared with KIKKK). However, inspection of single-cell
traces showed that there was a marked increase in a subpopulation of
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‘atypical’ responses where the decay of [Ca2+]i transient was greatly
delayed, such that the [Ca2+]i response appeared monophasic rather
than the normal biphasic pattern (Fig. 3a and b). Assessment of the
frequency of prolonged responses by visual inspection (deﬁned as no dis-
cernible decayof the [Ca2+]i signal for≥3 min after applicationof proges-
terone) gave values of 8.8% in control experiments with no pretreatment
(424 cells; 9 experiments), 6.3% after pretreatment with scrambled
peptide (474 cells; 9 experiments; P ¼ 0.20 compared with control; x2)
and 15.2% after pretreatment with KIKKK peptide (408 cells; 9 experi-
ments; P ¼ 1.9 × 1027 compared with scrambled; x2). To further quan-
tify the occurrence of prolonged [Ca2+]i transients in KIKKK-pretreated
cells, we calculated for each cell the mean amplitude (normalized ﬂuores-
cence) of the early sustained [Ca2+]i signal for the period from 3 to 5 min
after progesterone application (immediately after termination of a normal
[Ca2+]i transient) and normalized this value to the amplitude of the pre-
ceding transient in that cell (S/T ratio). For control cells, the S/T ratio
was 0.36+0.03 (424 cells, 9 experiments) and this was not signiﬁcantly
altered in cells pretreated with scrambled peptide (0.39+0.06; 474
cells, 9 experiments; P ¼ 0.63). However, in cells pretreated with
KIKKK, this ratio was signiﬁcantly increased (P, 0.003) to 0.55+0.05
(408 cells, 9 experiments). The frequency distribution of S/T ratios was
clearly bi-modal. In control and scrambled peptide pretreated cells,
most S/T ratios formed a peak with a mode of ≈0.4, but there was also
a clear shoulder at 1.0, reﬂecting cells inwhich the initial [Ca2+]i ‘transient’
had not decayed within 3 min (Fig. 3d). In KIKKK-pretreated cells, the
ratios were higher (mode increased from ≈0.4 to 0.55) and the occur-
rence of ratios .0.9 was signiﬁcantly increased (P, 0.05; x2). We con-
clude that pretreatment with KIKKK increases the proportion of cells in
which the progesterone-induced [Ca2+]i transient persists for several
minutes before decaying.
In our previous work on the effects of 2-APB on the progesterone-
induced [Ca2+]i signal, we observed strong enhancement of the
Figure 1 Effect of cell-penetrating peptides on resting [Ca2+]i in human sperm. In this, and subsequent ﬁgures, data are expressed as % change in ﬂuor-
escence. (a) Effect of 5 mM scrambled KIKK peptide, and (b) effect of 5 mMKIKK peptide. Arrows indicate time of addition of peptide. Traces showmean
(+SEM) Rtot for eight experiments. (c) Single-cell traces showing transient fall in [Ca
2+]i upon application of KIKKK. (d) Effect of KIKKK in cells showing
spontaneous [Ca2+]i oscillations. In a few cells, oscillations ‘paused’ brieﬂy (blue trace) but in themajority they persisted and kinetics appeared unchanged.
4 Morris et al.
345
350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
sustained Ca2+ response that was localized speciﬁcally to the midpiece,
possibly reﬂecting enhanced accumulation of Ca2+ in the mitochondria
due to the effects of the drug on mitochondrial Ca2+ export (Leﬁevre
et al., 2012). To assess whether the effect described here might be
similar, we investigated the location of the [Ca2+]i signal. Prolonged
responses occurred simultaneously in the midpiece and PHN of the
sperm, showing that this effect was primarily on cytoplasmic [Ca2+]i
and not due to Ca2+ accumulation within the mitochondrial matrix
(Fig. 4).
Discussion
We showed previously, using ﬂuorescently tagged peptides, that CPPs
readily enter mammalian sperm, reaching 50% of their ﬁnal intracellular
concentration within 1–3 min (Jones et al., 2013). In the present
study, when KIKKK peptide was applied to human sperm, we observed
a fall in [Ca2+]i which recovered to control levels within 3–4 min, often
causing a ‘resetting’ of activity in spontaneously oscillating cells. The
kinetics of this effect are consistent with rapid entry of the peptide into
human sperm but, since this effect was also seen upon application of
scrambled KIKKK, it clearly does not reﬂect a speciﬁc effect of the
KIKKK sequence on regulation of SOCs. One intriguing possibility is
that, since both KIKKK and scrambled peptides bear a net positive
charge (7 basic residues out of a total of 22), it binds electrostatically
to the net negative charge on the membrane surface. Until equilibration
of the peptide across themembrane is reached, this binding is asymmet-
ric, making the extracellular surface more positive and increasing the
voltage gradient within the membrane. This effect, termed charge
screening, functionally hyperpolarizes the membrane and can reduce
the open probability of voltage-sensitive channels (such as CatSper) suf-
ﬁciently to inhibit passive Ca2+ inﬂux and lower resting [Ca2+]i (Wilson
et al., 1983). As the peptide accumulates within the sperm, the
asymmetry of this effect will decay, allowing passive Ca2+ inﬂux and
[Ca2+]i to return to resting levels.
Stimulation of human sperm with nM–mM concentrations of proges-
terone elicits an immediate [Ca2+]i transient that is dependent on Ca2+
inﬂux through CatSper channels (Strunker et al., 2011). Under the con-
ditions of our imaging experiments, [Ca2+]i peaks in 15–30 s and decays
over 1–2 min (Kirkman-Brownet al., 2000;Harperet al., 2003). In popu-
lationsof spermpretreatedwith theKIKKKpeptide, therewasno change
in the rise time or amplitude of this [Ca2+]i transient but decay was
slower, such that 3 min after progesterone stimulation the [Ca2+]i in pre-
treated cellswas≈1.5-fold higher than in control cells or cells pretreated
with the scrambled peptide. Analysis of single-cell records showed that
this effect was not due to a reduced decay rate of Ca2+ clearance, but
reﬂected an increase in the proportion of cells in which the transient
peak was abnormally prolonged into a plateau. These monophasic
responseswere not restricted to themidpiece, occurring simultaneously
at the PHN, and thus reﬂect increased cytoplasmic [Ca2+]i rather than
Ca2+ accumulation in the mitochondria (Fig. 4). The slow decay of the
sperm population [Ca2+]i signal results from cell–cell variation in the
duration of these abnormal [Ca2+]i transients. Interestingly, such pro-
longed transients also occur in untreated cells, but their incidence was
greatly enhanced by pretreatment with KIKKK.
These observations suggest that SOCs at the sperm neck (Leﬁevre
et al., 2012) become activated and contribute a second Ca2+-inﬂux
pathway. A number of strands of evidence point to rapid recruitment
of such a secondary Ca2+ signal downstream of CatSper-mediated
Ca2+ inﬂux in human sperm:
(i) Low-dose (5 mM)2-APB,which sensitizes SOCactivation but does
not affect CatSper currents, enhanced [Ca2+]i elevation during the
initial progesterone-induced transient. This effect was localized to
the sperm neck, but did not occur in the ﬂagellum (Leﬁevre et al.,
2012).
Figure 2 Pretreatment with KIKK prolongs the progesterone-induced [Ca2+]i transient in human sperm. (a) Effects of 5 mM KIKKK peptide (red) and
5 mMscrambledKIKKKpeptide (grey) on progesterone-induced biphasic [Ca2+]i response in human sperm. Black shows response to progesterone in cells
with no pretreatment. Each trace is the mean of Rtot plots (average of all cells in an experiment) from nine experiments (+SEM). Arrows indicate time of
addition of progesterone. (b) Enlarged plot of boxed section from (a) with error bars (+SEM). (c) Mean rate of decay of Rtot (from 1.5 to 2 min after ap-
plication of progesterone; mean+ SEM from nine sets of parallel experiments). **P, 0.01 compared with KIKKK pretreatment (paired t-test).
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(ii) Treatment with 1–10 mM nifedipine signiﬁcantly reduces the dur-
ation (but not amplitude) of the progesterone-induced [Ca2+]i
transient, apparently inhibiting a ‘late’ component of the transient
which activates 10–20 s after initiation of the response (Kirkman-
Brown et al., 2003). Since 10 mM nifedipine did not inhibit
CatSper (Strunker et al., 2011) and there is no evidence for activa-
tion of nifedipine-sensitive voltage-activated Ca2+ channels by pro-
gesterone, we consider it likely that this action is exerted on Ca2+
store mobilization or on SOCs.
(iii) In progesterone-treated sperm, [Ca2+]i oscillations, consistent
with cyclical mobilization of stored Ca2+, occur after the initial
[Ca2+]i transient. These are dependent on a low level of Ca
2+-
inﬂux and are sensitive to manipulation of ryanodine receptors
(Harper et al., 2004; Kirkman-Brown et al., 2004; Aitken and
McLaughlin, 2007; Sanchez-Cardenas et al., 2014).
Since Ca2+ stores, STIM and Orai proteins are present at the sperm
neck, the simplest interpretation consistent with these observations is
thatCatSper-mediatedCa2+-inﬂux into the ﬂagellum induces secondary
mobilization of stored Ca2+ and activation of CCE. Upon decay of the
CatSper-mediated Ca2+ inﬂux, Ca2+ stores will reﬁll and CCE will also
decay, dependent on successful termination of STIM–Orai interaction,
such that interference with the regulatory mechanism on STIM delays
(though does not prevent) decay of the [Ca2+]i. If this model is
correct, pharmacological blockade of SOCs should have effects on the
progesterone-induced [Ca2+]i signal. Indeed at high doses of 2-APB
[100 mM, which inhibits SOC function (Lis et al., 2007; DeHaven et al.,
2008)], the enhancement of the progesterone-induced [Ca2+]i transient
seen at low doses is reversed, the sustained component of the signal is
suppressed and in some preparations the transient duration is reduced
compared with parallel controls (Leﬁevre et al., 2012). In experiments
with the non-speciﬁc SOC blocker SKF 96365 (10–30 mM), we
observed a rise in [Ca2+]i in most cells, an effect which has been
described previously (Jan et al., 1999). When progesterone was subse-
quently applied, the sustained component was strongly inhibited and
the duration (but not amplitude) of the progesterone-induced [Ca2+]i
Figure 3 KIKKK pretreatment enhances the occurrence of prolonged progesterone-activated [Ca2+]i transients in human sperm. (a and b) Single-cell
[Ca2+]i responses from the same (5 mM KIKKK pretreated) experiment which have been sorted into two populations according to whether the [Ca
2+]i
transient starts to decay with 3min of progesterone application [‘conventional’ transient; (a)] or persists at maximum for at least 3 min after progesterone
application [prolonged response (b)]. (c) Distribution of the ratio of S/T ratios ([Ca2+]i response amplitude at 3 min after progesterone application: amp-
litude of [Ca2+]i transient peak—see inset). Black trace shows control, red trace shows cells pretreated with 5 mMKIKKK and grey trace shows cells pre-
treated with 5 mM scrambled KIKK. KIKKK pretreatment enhances the size of the modal S/T ratio and also increases the size of the shoulder at 0.9–1.1,
which shows cells where the transient is maintained as a plateau for ≥3 min.
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transient was reduced compared with a parallel control experiment
(Leﬁevre, Morris, Publicover; unpublished dataQ7 ). Though the effects of
these drugs on the response to progesterone are consistent with activa-
tion of SOCs, the effects of SKF 96365 alone are such that they cannot be
interpreted.
A peculiarity of SOCs in sperm is that, whereas in most cells STIM is
distant from the plasmalemma and must be redistributed to interact
with Orai, intracellular membranes of sperm are located close to the
plasma membrane, such that no redistribution of STIM is discernible in
cells that have not been stimulated to mobilize stored Ca2+ (Leﬁevre
et al., 2012). Thus, if the auto-inhibitory interactions in STIM are dis-
rupted, activated SOCsmay switchoff relatively slowlyeven if store reﬁll-
ing occurs, leading to prolonged Ca2+ inﬂux.
[Ca2+]i signalling in human sperm is crucial in the regulation of a range
of functions (Publicover et al., 2007;Darszon et al., 2011).Whereas pre-
vious work using pharmacological and immunological techniques sug-
gested that a range of channels contributed to sperm Ca2+ signalling,
data obtained from the application of patch clamp have revealed only
currents carried by CatSper channels. The reason for this discrepancy
is not clear, though whole-cell access and consequent cytoplasmic dialy-
sis of theminute cytoplasmic volumemight affect the functioning of some
sperm ion channels (Publicover and Barratt, 2012). Evidence for partici-
pation of SOCs must therefore be interpreted cautiously, but the data
are consistent with a ﬂexible Ca2+-signalling system in which activation
of SOCs can contribute a spatially and temporally separate route for
inﬂux of Ca2+ into the sperm, which may contribute to the ability
of the cell to regulate separately several Ca2+-controlled processes
(Alasmari et al., 2013).
Supplementary data
Supplementary data are available at http://molehr.oxfordjournals.org/.
Authors’ roles
J.M., S.J., M.L. and L.L. carried out the experimental work and analysis of
data; S.J.P. and J.H. designed the study and wrote the manuscript
Funding
L.L. was supported by the Wellcome Trust (Grant #086470). J.M. was
supported by a University of Birmingham Teaching Assistantship.
Funding to pay the Open Access publication charges for this article
was provided by . . . Q8
Conﬂict of interest
There is no conﬂict of interest that could be perceived as prejudicing the
impartiality of the research reported.
References
Aitken RJ, McLaughlin EA. Molecular mechanisms of sperm capacitation:
progesterone-induced secondary calcium oscillations reﬂect the attainment
of a capacitated state. Soc Reprod Fertil 2007;63(Suppl):273–293.
Alasmari W, Costello S, Correia J, Oxenham SK, Morris J, Fernandes L,
Ramalho-Santos J, Kirkman-Brown J, Michelangeli F, Publicover S et al.
Ca2+ signals generated by CatSper and Ca2+ regulate different
behaviours in human sperm. J Biol Chem 2013;288:6248–6258.
Blackmore PF. Thapsigargin elevates and potentiates the ability of
progesterone to increase intracellular free calcium in human sperm:
possible role of perinuclear calcium. Cell Calcium 1993;14:53–60.
Blackmore PF, Beebe SJ, Danforth DR, Alexander N. Progesterone and 17
alpha-hydroxyprogesterone. Novel stimulators of calcium inﬂux in
human sperm. J Biol Chem 1990;265:1376–1380.
Cahalan MD. STIMulating store-operated Ca(2+) entry. Nat Cell Biol 2009;
11:669–677.
Carlson AE, Westenbroek RE, Quill T, Ren D, Clapham DE, Hille B,
Garbers DL, Babcock DF. CatSper1 required for evoked Ca2+ entry and
control of ﬂagellar function in sperm. Proc Natl Acad Sci USA 2003;
100:14864–14868.
Castellano LE, Trevino CL, Rodriguez D, Serrano CJ, Pacheco J, Tsutsumi V,
Felix R, Darszon A. Transient receptor potential (TRPC) channels in
human sperm: expression, cellular localization and involvement in the
regulation of ﬂagellar motility. FEBS Lett 2003;541:69–74.
Figure 4 Prolonged [Ca2+]i responses in human sperm are not due
to mitochondrial Ca2+ accumulation. (a) Montage shows a pseudoco-
lour image series of a 5-mM KIKKK-pretreated cell which shows a pro-
longed [Ca2+]i response. Images are at 1 min intervals (indicated by
adjacent numbers). Progesterone was added just before image
9. Note that increased [Ca2+]i at the posterior head/neck (PHN) is
maintained for .4 min. (b) Four examples showing separate analysis
of [Ca2+]i responses in the midpiece (green) and PHN region (blue)
in the same cell. Responses occur simultaneously in the PHN and
midpiece.
Store-operated Ca2+ channels in human sperm 7
685
690
695
700
705
710
715
720
725
730
735
740
745
750
755
760
765
770
775
780
785
790
795
Costello S, Michelangeli F, Nash K, Leﬁevre L, Morris J, Machado-Oliveira G,
Barratt C, Kirkman-Brown J, Publicover S. Ca2+ stores in sperm: their
identities and functions. Reproduction 2009;138:425–437.
Darszon A, Nishigaki T, Beltran C, Trevino CL. Calcium channels in the
development, maturation, and function of spermatozoa. Physiol Rev
2011;91:1305–1355.
Darszon A, Sanchez-Cardenas C, Orta G, Sanchez-Tusie AA, Beltran C,
Lopez-Gonzalez I, Granados-Gonzalez G, Trevino CL. Are TRP
channels involved in sperm development and function? Cell Tissue Res
2012;349:749–764.
DeHavenWI, Smyth JT, Boyles RR, Bird GS, Putney JW Jr. Complex actions
of 2-aminoethyldiphenyl borate on store-operated calcium entry. J Biol
Chem 2008;283:19265–19273.
Harper CV, Kirkman-Brown JC, Barratt CL, Publicover SJ. Encoding of
progesterone stimulus intensity by intracellular [Ca2+] ([Ca2+]i) in
human spermatozoa. Biochem J 2003;372:407–417.
Harper CV, Barratt CL, Publicover SJ. Stimulation of human spermatozoa
with progesterone gradients to simulate approach to the oocyte.
Induction of [Ca2+]i oscillations and cyclical transitions in ﬂagellar
beating. J Biol Chem 2004;279:46315–46325.
Jan CR, Ho CM, Wu SN, Tseng CJ. Multiple effects of 1-[beta-[3-(4-
methoxyphenyl)propoxy]-4-methoxyphenethyl]-1H-imidazole hydro-
chloride (SKF 96365) on Ca2+ signaling in MDCK cells: depletion of
thapsigargin-sensitive Ca2+ store followed by capacitative Ca2+ entry,
activation of a direct Ca2+ entry, and inhibition of thapsigargin-induced
capacitative Ca2+ entry. Naunyn Schmiedebergs Arch Pharmacol 1999;
359:92–101.
Jones S,MartelC, Belzacq-CasagrandeAS, BrennerC,Howl J.Mitoparan and
target-selective chimeric analogues: membrane translocation and
intracellular redistribution induces mitochondrial apoptosis. Biochim
Biophys Acta 2008;1783:849–863.
Jones S, LukanowskaM, Suhorutsenko J,OxenhamS, BarrattC, Publicover S,
Langel U, Copolovici D, Howl J. Intracellular translocation and differential
accumulation of cell penetrating peptides in bovine spermatozoa:
evaluation of efﬁcient delivery vectors that do not compromise human
sperm motility. Human Reproduction 2013;28:1874–1879.
Kim JY, Muallem S. Unlocking SOAR releases STIM. EMBO J 2011;
30:1673–1675.
Kirkman-Brown JC, Bray C, Stewart PM, Barratt CL, Publicover SJ. Biphasic
elevation of [Ca2+]i in individual human spermatozoa exposed to
progesterone. Dev Biol 2000;222:326–335.
Kirkman-Brown JC, Barratt CL, Publicover SJ. Nifedipine reveals the
existence of two discrete components of the progesterone-induced
[Ca2+]i transient in human spermatozoa. Dev Biol 2003;259:71–82.
Kirkman-Brown JC, Barratt CL, Publicover SJ. Slow calcium oscillations in
human spermatozoa. Biochem J 2004;378:827–832.
KorzeniowskiMK,Manjarres IM, Varnai P, Balla T.Activation of STIM1-Orai1
involves an intramolecular switching mechanism. Science Signal 2010;
3:ra82.
Leﬁevre L,Nash K,Mansell S, Costello S, Punt E, Correia J, Morris J, Kirkman-
Brown J,Wilson SM, Barratt CL et al. 2-APB-potentiated channels amplify
CatSper-induced Ca2+ signals in human sperm. Biochem J 2012;
448:189–200.
Lis A, Peinelt C, Beck A, Parvez S, Monteilh-Zoller M, Fleig A, Penner R.
CRACM1, CRACM2, and CRACM3 are store-operated Ca2+ channels
with distinct functional properties. Curr Biol2007;17:794–800.
Lishko PV, Botchkina IL, Kirichok Y. Progesterone activates the principal
Ca2+ channel of human sperm. Nature 2011;471:387–391.
Lopez CI, Belmonte SA, De Blas GA, Mayorga LS. Membrane-permeant
Rab3A triggers acrosomal exocytosis in living human sperm. FASEB J
2007;21:4121–4130.
Nash K, Leﬁevre L, Peralta-Arias R, Morris J, Morales-Garcia A, Connolly T,
Costello S, Kirkman-Brown JC, Publicover SJ. Techniques for imagingCa2+
signaling in human sperm. J Vis Exp 2010; pii:1996, doi:10.3791/1996.
ParkKH,KimBJ, Kang J,NamTS, Lim JM,KimHT,Park JK,KimYG,Chae SW,
KimUH. Ca2+ signaling tools acquired from prostasomes are required for
progesterone-induced sperm motility. Sci Signal 2011;4:ra31.
Publicover SJ, Barratt CL. Chloride channels join the sperm ‘channelome’.
J Physiol 2012;590:2553–2554.
Publicover S, Harper CV, Barratt C. [Ca2+]i signalling in sperm—making the
most of what you’ve got. Nat Cell Biol 2007;9:235–242.
Sanchez-Cardenas C, Servin-Vences MR, Jose O, Trevino CL, Hernandez-
Cruz A, Darszon A. Acrosome reaction and Ca2+ imaging in single
human spermatozoa: new regulatory roles of [Ca2+]i. Biol Reprod 2014;
91:67.
Soboloff J, Madesh M, Gill DL. Sensing cellular stress through STIM proteins.
Nat Chem Biol 2011;7:488–492.
Strunker T, Goodwin N, Brenker C, Kashikar ND, Weyand I, Seifert R,
Kaupp UB. The CatSper channel mediates progesterone-induced Ca2+
inﬂux in human sperm. Nature 2011;471:382–386.
Wilson DL, Morimoto K, Tsuda Y, Brown AM. Interaction between calcium
ions and surface charge as it relates to calcium currents. J Membr Biol 1983;
72:117–130.
Xia J, Ren D. Egg coat proteins activate calcium entry into mouse sperm via
CATSPER channels. Biol Reprod 2009;80:1092–1098.
Yuan JP, Zeng W, Dorwart MR, Choi YJ, Worley PF, Muallem S. SOAR and
the polybasic STIM1 domains gate and regulateOrai channels.Nat Cell Biol
2009;11:337–343.
8 Morris et al.
800
805
810
815
820
825
830
835
840
845
850
855
860
865
870
875
880
885
890
895
900
905
910
